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Abstract: In this work we study the production of K∗(4307) in B decays by determin-
ing the J/ψpi+(0)K0 and J/ψpi−K+ invariant mass distributions of the processes B+ →
J/ψpi+pi0K0 and B+ → J/ψpi+pi−K+, respectively. Such K∗(4307) has been recently pre-
dicted as a three-body state originated from the dynamics involved in the KDD¯∗ system,
with the KD subsystem forming the D∗s0(2317) in isospin 0, and the DD¯∗ subsystem gen-
erating the X(3872) in isospin 0 and the Zc(3900) in isospin 1. The hidden charm content
of K∗(4307) favors its decay to a state like J/ψpiK and the study of B-decays with these
particles in their final states can constitute a way of finding experimental evidences for
such an exotic vector meson, whose width, in spite of its large mass, is still quite narrow
(around 18 MeV).
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1 Introduction
In the last years, the B-factories have become an unexpected and crucial source of ex-
perimental data useful for the understanding of the properties, as well as the discovery,
of mesons whose nature seems to challenge the traditional quark model; specially those
mesons/baryons with hidden or explicit charm quantum numbers. For instance, the states
D∗s0(2317) and D∗s1(2460), observed for the first time in e+e− collisions [1, 2], were also
found in the study of B → D¯Dspi and B → D¯D∗spi [3], with the particles Dspi (D∗spi) being
originated from the decay D∗s0(2317)→ Dspi [D∗s1(2460)→ D∗spi]. Such studies were crucial
for confirming the quantum numbers of D∗s0(2317) and ruling out the possible spin 0 assign-
ment for D∗s1(2460). The quantum numbers JPC = 1++ of X(3872) were indeed confirmed
by the LHCb collaboration in the study of the decay B+ → J/ψpi+pi−K+, followed by
J/ψ → µ+µ−, where X(3872) was found in the pi+pi−J/ψ invariant mass distribution [4].
The same decay process, as well as the decays B+ → J/ψpi+pi0K0 and B− → J/ψpi−pi0K0,
were previously investigated by the Belle [5–7] and BaBar collaborations [8, 9] in the con-
text of searching for X(3872) and a possible charged partner. Along the same line, the
study of the decay B → Kpi±ψ′ lead to the claim by the Belle collaboration of the exis-
tence of a state with a minimal tetraquark configuration, Z±(4430), in the pi±ψ′ invariant
mass distribution [10, 11]. Such state has also been claimed by the LHCb collaboration,
which arrived to the conclusion that a highly significant Z−(4430) → ψ′pi− is needed to
describe the decay B0 → ψ′pi−K+ [12]. The experimental observation of baryons with
a minimal content of five quarks has also come from the decay of a baryon with bottom
quantum number. Particularly, charmonium pentaquark states were claimed by the LHCb
collaboration in the J/ψp invariant mass of the decay process Λ0b → J/ψK−p [13, 14].
Interestingly, all the above mentioned states share a property: the meson states can be
interpreted as tetraquarks or as states obtained from the dynamics involved in two-meson
systems, while the baryon states can be understood as pentaquarks or as states originated
from meson-baryon systems (for some recent reviews on these topics see, for example,
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Refs. [15–20]). With the amount of data collected from B decays during the past years, it
is natural to ask whether there could be signals for other kind of exotic states, like those
formed by the interaction of three hadrons, thus, a minimal configuration of six quarks in
case of mesons and of seven in case of baryons. In the recent years, formation of three-
body bound states/resonances with hidden or explicit charmed has been claimed [21–29],
however, an experimental investigation of these states seems still not being in the agenda
of the facilities around the world. Particularly interesting is the exotic K∗ vector meson
found in Refs. [22, 25], a state with hidden charm, a mass around 4300 MeV, but still
narrow, with a width of around 18 MeV [25]. As shown in Ref. [25], such state arises from
the dynamics involved in the KDD¯∗ system when the interaction of the DD¯∗ subsystem
generates the X(3872) in isospin 0 and the Zc(3900) in isospin 1. The K
∗(4307), with a
dominant KZc(3900) component in its wave function, can naturally decay to a final state
formed by KJ/ψpi, with the J/ψ and pi coming from the decay of Zc(3900). In this way,
an experimental reconstruction of the J/ψpiK invariant mass could confirm the existence
of such an excited K∗ state, where its narrow width should help in its identification.
And the fact that information on this invariant mass could be obtained from the existing
experimental data on B± → J/ψpi±pi0K0 or B+ → J/ψpi+pi−K+ is especially motivating.
Conducting such experimental research could even open a whole new era on the hunting
for exotic states, since the last excited state of a K/ K∗ observed experimentally according
to the Particle Data Group is a Kaon whose mass is around 3100 MeV [30]. There is
then a vast energy region in which the formation of exotic K/K∗ states has been totally
unexplored. Having this in mind, in this work, we determine the branching ratio for the pro-
cesses B+ → J/ψpi0pi+K0, through B+ → pi0(+)K∗+(0)(4307) → pi0(+)K0Z+(0)c (3900) →
pi0(+)K0J/ψpi+(0), andB+ → J/ψpi+pi−K+, throughB+ → pi+K∗0(4307)→ pi+K+Z−c (3900)→
pi+K+J/ψpi−, and reconstruct the J/ψpi+(0)K0 and J/ψpi−K+ invariant mass distributions
with the purpose of studying the K∗(4307) signal in them.
2 Formalism
The decay process B+ → J/ψpi+pi0K0 proceeding through K∗(4307) formation can be
visualized diagrammatically as shown in Fig. 1, where the interaction between a K+ and a
Z
0 (−)
c (3900) generates the K∗+(0)(4307) [25], which decays to J/ψpi+(0)K0. The nature of
Zc(3900) is still under debate. Here, as done in Ref. [25], we follow the model of Ref. [31]
where the state is generated from the interaction between DD¯∗ and J/ψpi within coupled
channels as a weakly bound state of the DD¯∗ system, with a finite width from its decay
to the J/ψpi channel. Due to the nature of K∗(4307) and Zc(3900), the weak vertex
B+ → J/ψK+ is the most favored for forming Zc(3900) and K∗(4307). At the quark
level, it involves internal emission of a W+ via b¯ → c¯ (W+ → cs¯) transitions, which are
both Cabibbo favored (see Fig. 2). Based on the quantum chromodynamics factorization
approach for non-leptonic B-meson decays [32], the amplitude related to the weak vertex
shown in Fig. 2 can be written as
tB+→J/ψK+ =
GF√
2
VcbV
∗
csa2〈J/ψ|(c¯c)V |0〉〈K|(b¯s)V |B〉, (2.1)
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Figure 1. Diagrammatical representation of the decay process B+ → J/ψpi+pi0K0 through forma-
tion of K∗+(0)(4307).
Figure 2. Weak vertices involved in the decay of a B+ into a J/ψ and a K+.
where GF is the Fermi coupling constant, Vcb, V
∗
cs are elements of the Cabibbo-Kobayashi-
Maskawa matrix, a2 is an effective coupling constant, 〈J/ψ|(c¯c)V |0〉 is the factorized ampli-
tude for the production of a J/ψ via the vector current c¯γµc and 〈K|(b¯s)V |B〉 represents the
transition matrix element B+ → K+. The amplitude 〈J/ψ|(c¯c)V |0〉 can be parametrized
in terms of the decay constant fJ/ψ, the mass mJ/ψ and the polarization vector J/ψ µ of
the J/ψ vector meson as [33]
〈J/ψ|(c¯c)V |0〉 = J/ψ µmJ/ψfJ/ψ, (2.2)
while the transition matrix element B+(p)→ K+(p′) can be written as [33]
〈K+(p′)|(b¯s)V |B+(p)〉 =
[
(p+ p′)µ −
m2B+ −m2K+
Q2
Qµ
]
F1(Q
2) +
m2B+ −m2K+
Q2
QµF0(Q
2).
(2.3)
In Eq. (2.3), Qµ = (p− p′)µ, F1(Q2) and F0(Q2) correspond to form factors, which satisfy
the condition F1(0) = F0(0) [33], and mB+ (mK+) is the mass of the B
+ (K+) meson. The
Q2 dependence of these form factors can be written as [34]
Fi(Q
2) =
Fi(0)
1−Q2/m2P i
, (2.4)
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with i = 0, 1, mP i being the mass of the lowest lying meson with the appropriate quantum
numbers, i.e., JP = 0+ for F0 (mP = 5890 MeV) and 1
− for F1 (mP = 5430 MeV), and
F1(0) = F0(0) = 0.49± 0.12. (2.5)
Using Eq. (2.1), we can determine the branching ratio for the process B+ → J/ψK+ as
Br(B+ → J/ψK+) = |~pCM|
8piΓB+m
2
B+
∑
λ
|tB+→J/ψK+ |2, (2.6)
where the symbol
∑
λ
indicates sum over the polarizations of J/ψ, |~pCM| is the center of
mass momentum of the J/ψK+ system, ΓB+ is the width of the B
+ meson and, from
Eqs. (2.1) and (2.3)
∑
λ
|tB+→J/ψK+ |2 =
G2F
2
|Vcb|2|Vcs|2|a2|2m2J/ψf2J/ψF 21 (Q2)
×
[
−(p+ p′)2 + (m
2
B+ −m2K+)2
m2J/ψ
]
. (2.7)
Considering a2 = 0.21 ± 0.02 [33], GF = 1.166 × 10−11 MeV−2, |Vcs| = 0.977 ± 0.017,
|Vcb| = (42.2± 0.8)× 10−3, mJ/ψ = 3096.9± 0.006 MeV, ΓB+ = (4.01839± 0.0098)× 10−10
MeV [30], and fJ/ψ = 405± 14 MeV [33], we get
Br(B+ → J/ψK+) ' (0.83± 0.32)× 10−3, (2.8)
which is compatible with the measured branching ratio of [30]
Br(B+ → J/ψK+)measured = (1.01± 0.028)× 10−3. (2.9)
Based on the above discussion, the dominant contribution from the weak vertex in the
processes depicted in Fig. 1, can be written, for convenience, as
tB+→J/ψK+ = CB+→J/ψK+(P + q) · J/ψ(P − q), (2.10)
where Pµ (qµ) is the four-momentum of the B+ (K+), and the coefficient CB+→J/ψK+ ,
which corresponds to GF√
2
|Vcb||Vcs||a2|mJ/ψfJ/ψF1 of Eq. (2.7), is fixed to reproduce the
observed branching ratio, i.e., Eq. (2.9), to be more in agreement with the experimental
finding,
CB+→J/ψK+ = (7.16± 0.11)× 10−8. (2.11)
Since Zc(3900) and K
∗(4307) couple to J/ψpi and KZc(3900), respectively, in s-
wave [25, 31], we can introduce the coupling constants gZc→J/ψpi and gK∗→KZc to describe
the contribution from these vertices in Fig. 1. Such contribution can be expressed in terms
of the contraction  · ′ between the polarization vectors of the particles involved, Zc(3900)
and J/ψ or K∗(4307) and Zc(3900), and the corresponding coupling constant, obtained
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from Refs. [25, 31]. In this way, using the Feynman rules, the amplitudes associated with
the diagrams in Fig. 1 are given by
−itA = CA 1
s3(A) −m2K∗(A) + iΓK∗(A)mK∗(A)
1
s2(A) −m2ZA + iΓZ(A)mZ(A)
×
[
F−
{
Pσ − (P − pA)σ
M2Z(A)
(P 2 − pA · P )
}
I(0A) +
{
F+ +
F−
M2Z(A)
(
P 2 − pA · P
)}
I(1A)σ
+
(P − pA)σ
M2Z(A)
×
{
F+p
µ
A − 2
P 2
m2J/ψ
Pµ
}
I(1A)µ +
{
Pσ
m2J/ψ
+
(P − pA)σ
M2Z(A)
×
(
1 +
pA · P
m2J/ψ
)}
I(2A) − 1
M2Z(A)
{
F+p
µ
A − 2
P 2
m2J/ψ
Pµ
}
I(2A)σµ
+
(P − pA)σ
M2Z(A)
(−pµA + 2Pµ)
m2J/ψ
I(3A)µ −
{
1
m2J/ψ
+
1
M2Z(A)
(
1 +
pA · P
m2J/ψ
)}
I(3A)σ
− 1
M2Z(A)m
2
J/ψ
{
(P − pA)σI(4A) + (−pµA + 2Pµ)I(4A)σµ − I(5A)σ
}]
×
[
−gσρ + (P − pA)
σ(P − pA)ρ
m2K∗(A)
][
−gρβ + (p1 + p2)ρp2β
m2Z(A)
]
βJ/ψ(p1), (2.12)
where the subscript A refers to the diagrams (a) and (b) in Fig. 1, with s3(A) = s124 =
(p1 + p2 + p4)
2 [s134 = (p1 + p3 + p4)
2], s2(A) = s12 = (p1 + p2)2 [s13 = (p1 + p3)2],
pA = p3 (p2), mZ(A) = mZ+c (mZ0c ), MZ(A) = mZ0c (mZ−c ) is the mass of the Zc particle
involved in the triangular loops, mK∗(A) = mK∗+(4307) [mK∗0(4307)], ΓZ(A) = ΓZ+c (ΓZ0c ),
ΓK∗(A) = ΓK∗+(4307) [ΓK∗0(4307)] for the diagram (a) [(b)]. In Eq. (2.12),
F± = 1± P
2
m2J/ψ
, (2.13)
and the constant CA corresponds to a product of the coupling constants involved in the
different vertices shown in Fig. 1. To be more exact,
Ca = −Cb =
√
2
3
CB+→J/ψK+g2Zc→J/ψpig
2
K∗→KZc , (2.14)
where gZc→J/ψpi is the coupling constant of Zc(3900) to the J/ψpi system in isospin 1, and
whose value is obtained from the model of Ref. [31], and gK∗→KZc represents the coupling
of K∗(4307) to a KZc(3900) system in isospin 1/2, which can be found from the model of
Ref. [25]. The values used here are gZc→J/ψpi = 3715 MeV and gK∗→KZc = 22143 MeV [27].
The phase convention |pi+ >= −|I = 1, I3 = 1〉, |K−〉 = −|I = 1/2, I3 = −1/2〉 has been
used in our calculations.
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In Eq. (2.12), I(0A), I(1A)α , I
(2A)
αβ , I
(3A)
α , I
(4A)
αβ and I
(5A)
α are integrals defined as
I(0A) =
∫
d4q
(2pi)4
1
D(q, pA) , I
(1A)
α =
∫
d4q
(2pi)4
qα
D(q, pA) , I
(2A)
αβ =
∫
d4q
(2pi)4
qαqβ
D(q, pA) ,
I(3A)α =
∫
d4q
(2pi)4
q2qα
D(q, pA) , I
(4A)
αβ =
∫
d4q
(2pi)4
q2qαqβ
D(q, pA) , I
(5A)
α =
∫
d4q
(2pi)4
q4qα
D(q, pA) ,
(2.15)
where
D(q, pA) = [(P − q)2 −m2J/ψ + i][q2 −m2K+ + i][(P − pA − q)2 −M2Z(A) + i]. (2.16)
The integrals I(2A) and I(4A) in Eq. (2.12) correspond to the contraction of the metric
tensor gαβ with the integrals I
(2A)
αβ and I
(4A)
αβ of Eq. (2.15), respectively. The integrals in
Eq. (2.15) are regularized by using a cut-off of ∼ 700 MeV for the center of mass momentum
of the K − Zc system, which is compatible with the cut-off used in Ref. [25] to generate
the K∗(4307) from the KDD¯∗ system. For more details on the calculation of the integrals
in Eq. (2.15) we refer the reader to the Appendix A.
Using the amplitude in Eq. (2.12), the decay width Γ for the process B+(P ) →
J/ψ(p1)pi
+(p2)pi
0(p3)K
0(p4) can be obtained as
Γ =
1
2mB+
∫
d3p1
(2pi)32E1(~p1)
∫
d3p2
(2pi)32E2(~p2)
∫
d3p3
(2pi)32E3(~p3)
∫
d3p4
(2pi)32E4(~p4)
× (2pi)4δ(4)(P − p1 − p2 − p3 − p4)
∑
λ
|ta + tb|2. (2.17)
Using the δ-function of Eq. (2.17), and the relations
s124 = (p1 + p2 + p4)
2 = (P − p3)2 = m2B+ +m23 − 2mB+E3,
s134 = (p1 + p3 + p4)
2 = (P − p2)2 = m2B+ +m22 − 2mB+E2, (2.18)
with E2 =
√
~p 22 +m
2
2 (E3 =
√
~p 23 +m
2
3) being the energy related to the particle with
three-momentum ~p2 (~p3) and mass m2 (m3) in the rest frame of the decaying particle, we
can write Eq. (2.17) as
Γ =
1
(2pi)726m3
B+
smax124∫
smin124
ds124
smax134∫
smin134
ds134
Emax1∫
Emin1
dE1
2pi∫
0
dφ1
1∫
−1
dcosθ3
2pi∫
0
dφ3
× |~p2||~p3||~p2 + ~p3|Θ(1− cos
2θ1)Θ(mB+ − E1 − E2 − E3)
∑
λ
|ta + tb|2. (2.19)
To arrive to Eq. (2.19) we have considered, without lost of generality, that particle 2 is
along the z-axis, and we integrate on the solid angle of particles 1 and 3. The value cosθ1,
with θ1 being the angle between the vectors ~p1 and ~p2 + ~p3, is fixed by the δ-function of
Eq. (2.17),
cosθ1 =
(mB+ − E1 − E2 − E3)2 − ~p 21 −m24 − (~p2 + ~p3)2
2|~p1||~p2 + ~p3| . (2.20)
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The related Heaviside Θ-function in Eq. (2.19) guaranties that |cosθ1| 6 1, as it should be.
In this way, if (θ23, φ23) are the polar and azimutal angles, respectively, that the vector
~p2 + ~p3 forms with the axes we can obtained ~p1 as
~p1 = Rz(φ23)Ry(θ23)|~p1|
 sinθ1cosφ1sinθ1sinφ1
cosθ1
 , (2.21)
where sinθ1 = +
√
1− cos2θ1, |~p1| =
√
E21 −m21, Ry and Rz represent rotation matrices
around the y and z axis, respectively,
Ry(θ23) =
 cosθ23 0 sinθ230 1 0
−sinθ23 0 cosθ23
 , Rz(φ23) =
 cosφ23 −sinφ23 0sinφ23 cosφ23 0
0 0 1
 . (2.22)
The angles θ23 and φ23 can be obtained in terms of the components x, y and z of the
vectors ~p2 and ~p3, which are given by
~p2 = |~p2|
 00
1
 , ~p3 = |~p3|
 sinθ3cosφ3sinθ3sinφ3
cosθ3
 , (2.23)
as
cosθ23 =
p2z + p3z
|~p2 + ~p3| , sinθ23 = +
√
1− cos2θ23, (2.24)
cosφ23 =
p2x + p3x
|~p2 + ~p3|sinθ23 , sinφ23 =
p2y + p3y
|~p2 + ~p3|sinθ23 . (2.25)
Note that |~p2| =
√
E22 −m22 and |~p3| =
√
E23 −m23 are related to the invariant masses s134
and s124 through Eq. (2.18). The momentum ~p4 can be obtained as ~p4 = −~p1 − ~p2 − ~p3.
In this way, the last ingredient to determine Eq. (2.17) is the limits of the integrals, which
are
smin124 = (m1 +m2 +m4)
2, smax124 = (mB+ −m3)2, (2.26)
smin134 = (m1 +m3 +m4)
2, smax134 = (mB+ −m2)2, (2.27)
Emin1 = m1, E
max
1 =
m2B+ +m
2
1 − smin234
2mB+
, smin234 = (m2 +m3 +m4)
2. (2.28)
From Eq. (2.19), we can determine the corresponding J/ψpiK invariant mass distribution
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Figure 3. Diagrammatical representation of the decay B+ → J/ψpi+pi−K+ through K∗(4307)
formation.
as
dΓ
ds124
=
1
(2pi)726m3
B+
smax134∫
smin134
ds134
Emax1∫
Emin1
dE1
2pi∫
0
dφ1
1∫
−1
dcosθ3
2pi∫
0
dφ3
× |~p2||~p3||~p2 + ~p3|Θ(1− cos
2θ1)Θ(mB+ − E1 − E2 − E3)
∑
λ
|ta + tb|2, (2.29)
dΓ
ds134
=
1
(2pi)726m3
B+
smax124∫
smin124
ds124
Emax1∫
Emin1
dE1
2pi∫
0
dφ1
1∫
−1
dcosθ3
2pi∫
0
dφ3
× |~p2||~p3||~p2 + ~p3|Θ(1− cos
2θ1)Θ(mB+ − E1 − E2 − E3)
∑
λ
|ta + tb|2. (2.30)
As we mentioned in the introduction, the decay B+ → J/ψpi+pi−K+ has been used
for the experimental investigation of the properties of X(3872). In this reaction, the re-
construction of the J/ψpi−K+ invariant mass distribution, can also serve to investigate the
properties of K∗(4307). For the process B+ → J/ψpi+pi−K+, as can be seen in Fig. 3,
the formation of K∗(4307) is completely analogous to the one shown in Fig. 1(b), with
the exception that the vertices K∗0(4307)→ Z0c (3900)K0 → J/ψpi0K0 should be replaced
by K∗0(4307) → Z−c (3900)K+ → J/ψpi−K+. This makes that the product of the cou-
pling constants gK∗0(4307)→Z0c (3900)gK0Z0c→J/ψpi0 appearing in the amplitude related to the
diagram in Fig. 1(b) should be substituted by gK∗0(4307)→K+Z−c (3900)gZ−c →J/ψpi− , which, by
using the corresponding Clebsch-Gordan coefficients, is
√
2 times bigger than the former
product. In this way, the calculation of the decay width for B+ → J/ψpi+pi−K+ and the
determination of the J/ψpi−K+ invariant mass distribution is completely analogous to the
one for the reaction B+ → J/ψpi+pi0K0, but we have now contribution from only one
Feynman diagram instead of two (see Fig. 3) and the couplings, as explained above, are
different.
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3 Results
To obtain the J/ψpi+(0)K0 invariant mass distributions of the process B+ → J/ψpi+pi0K0,
we have made use of Eqs. (2.29) and (2.30) considering isospin average masses for those
particles belonging to the same isospin multiplet. In such a case, there is no difference
between the invariant mass distributions of Eqs. (2.29) and (2.30). In Fig. 4 we show
dΓ/ds124 for the process B
+ → J/ψpi+pi0K0 as a function of the invariant mass of the
J/ψpi+K0 system, i.e.,
√
s124. The solid line in Fig. 4 represents the result obtained by
4200 4400 4600 4800 5000√
s124 (MeV)
0.0
0.5
1.0
1.5
(d
Γ
/d
s 1
24
)/
Γ
B
(M
eV
−2
)
×10−14
Figure 4. Invariant mass distribution, divided by the full width of the B+ meson, as a function
of the invariant mass of the J/ψpi+K0 system, i.e.,
√
s124 in Fig. 1. The solid line corresponds to
the result found with a cut-off Λ of 700 MeV. The dashed line represents the contribution obtained
to dΓ/ds124 from the diagram in Fig. 1(b). The band represents the uncertainty associated with
dΓ/ds124 when changing the cut-off in the range 700− 750 MeV, the coupling in Eq. (2.11) inside
the interval compatible with its error and considering a 10% error for the couplings of Zc(3900) to
the J/ψpi system and that of K∗(4307) to the KZc(3900) system.
using a cut-off Λ to regularize the integrals in Eq. (2.15) of 700 MeV for the center of
mass momentum of the K − Zc system (see Appendix A for more details). As can be
seen, a peak around 4307 MeV, with a width of 18 MeV, is observed in the distribution
due to the formation of K∗(4307), followed by an enhancement around the K − Zc(3900)
threshold, a typical effect when triangular loops are involved in the determination of the
amplitudes [35–37], as in our case. We also plot in Fig. 4 the contribution to dΓ/ds124
originated from just the diagram of Fig. 1(b), which produces a background 1 (represented
as a dashed-line in Fig. 4). By integrating this distribution, we can get the branching ratio
for the process B+ → pi0(+)K∗+(0)(4307) → pi0(+)K0(+)Z+(0)c (3900) → pi0(+)K0J/ψpi+(0),
which is BR = 1.04 × 10−8. We can also estimate the uncertainty related to this result.
To do this, we vary the cut-off Λ in the range 700 − 750 MeV, as done in Ref. [25], the
1Note that in the diagram of Fig. 1(b) the K∗(4307) is formed in the s134 invariant mass.
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coupling in Eq. (2.11) in the range allowed by the related error and we associate a 10%
error to the coupling constants of Zc(3900) to the J/ψpi system and of K
∗(4307) to the
KZc(3900) system. We then generate random numbers inside these intervals and obtain
the mean value for the branching ratio and the standard deviation. By doing this, we
obtain the band shown in Fig. 4 and the estimated branching ratio becomes
BR = (1.05± 0.2)× 10−8. (3.1)
In case of the decay B+ → J/ψpi+pi−K+, the dΓ/dsJ/ψpi−K+ distribution is shown
in Fig. 5 as a function of the J/ψpi−K+ invariant mass, i.e.,
√
s134 in Fig. 3. As can be
seen, a peak structure related to the formation of K∗(4307) is observed, together with an
enhancement around 4400 MeV, as in case of Fig. 4 and which is related to the threshold
of the K − Zc system. The error band shown in the figure has been obtained in the same
way as that of Fig. 4 and the solid line represents the result found with a cut-off of 700
MeV.
4200 4400 4600 4800 5000√
s134 (MeV)
0
1
2
3
(d
Γ
/d
s 1
34
)/
Γ
B
(M
eV
−2
)
×10−14
Figure 5. Invariant mass distribution, divided by the full width of the B+ meson, as a function
of the invariant mass of the J/ψpi−K+ system, i.e.,
√
s134 in Fig. 3. The solid line and band have
the same meaning as that in Fig. 4.
4 Conclusion
By using isospin average masses between the members of the same multiplet, we have
determined the J/ψpi±,0K+,0 invariant mass distributions of B+ → J/ψpi+pi0K0 and
B+ → J/ψpi+pi−K+ with the purpose of analyzing the signal related to the formation
of K∗(4307). We find that the reconstruction of the J/ψpiK invariant mass distributions
for the reactions would show formation of the K∗(4307) and the branching ratio determined
for B → piK∗(4307)→ piKZc(3900)→ piKJ/ψpi is ∼ 10−8. We hope that this calculation
motivates the search of the K∗(4307), formed as a consequence of the dynamics involved
– 10 –
in the KDD¯∗ system [22, 25], by reconstructing the J/ψpiK invariant mass distribution in
B → J/ψpipiK reactions, for which experimental data are available.
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A Determination of the integrals in Eq. (2.15)
The first step for calculating the integrals in Eq. (2.15) consists of using the Passarino-
Veltman decomposition of tensor integrals [38], which exploits Lorentz covariance to write
each of the integrals as a combination of the different Lorentz structures with some unknown
coefficients. For example, the integral I
(1A)
α in Eq. (2.15) is a covariant tensor which can
depend on the four-momenta P and pA. In this way, we can write
I(1A)α = a
(1A)
1 Pα + a
(1A)
2 pAα, (A.1)
where a
(1A)
1 and a
(1A)
2 are coefficients to be determined. Similarly,
I
(2A)
αβ = a
(2A)
1 gαβ + a
(2A)
2 PαPβ + a
(2A)
3 (Pα pAβ + Pβ pAα) + a
(2A)
4 pAα pAβ,
I(3A)α = a
(3A)
1 Pα + a
(3A)
2 pAα,
I
(4A)
αβ = a
(4A)
1 gαβ + a
(4A)
2 PαPβ + a
(4A)
3 (Pα pAβ + Pβ pAα) + a
(4A)
4 pAα pAβ,
I(5A)α = a
(5A)
1 Pα + a
(5A)
2 pAα, (A.2)
where we have used the fact that the tensor integrals I
(2A)
αβ and I
(4A)
αβ are symmetric under
the interchange α ↔ β, as can be seen from the definition in Eq. (2.15). Contracting the
integrals in Eqs. (A.1) and (A.2) with the different Lorentz structures appearing in their
decomposition, we can get a system of equations which permits the determination of the
unknown a-coefficients in terms of scalar integrals. For instance, using Eq. (A.1), we can
write
P · I(1A) = a(1A)1 P 2 + a(1A)2 P · pA,
pA · I(1A) = a(1A)1 P · pA + a(1A)2 p2A. (A.3)
By solving the system of equations (A.3), we find
a
(1A)
1 = −
p2A P · I(1A) − (P · pA) pA · I(1A)
(P · pA)2 − P 2 p2A
,
a
(1A)
2 = −
P 2 pA · I(1A) − (P · pA)P · I(1A)
(P · pA)2 − P 2 p2A
, (A.4)
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and the whole problem reduces to determine the scalar integrals P · I(1A) and pA · I(1A),
which, from Eq. (2.15), are given by
P · I(1A) =
∫
d4q
(2pi)4
P · q
D(q, pA) , pA · I
(1A) =
∫
d4q
(2pi)4
pA · q
D(q, pA) , (A.5)
where D(q, pA) can be found in Eq. (2.16). Similarly, the expression for the coefficients
a
(3A)
i and a
(5A)
i , with i = 1, 2, is analogous to the one found in Eq. (A.4) for the a
(1A)
i
coefficients by replacing P · I(1A) → P · I(3A), pA · I(1A) → pA · I(3A) in the former case,
and P · I(1A) → P · I(5A), pA · I(1A) → pA · I(5A) in the latter, with
P · I(3A) =
∫
d4q
(2pi)4
q2(P · q)
D(q, pA) , pA · I
(3A) =
∫
d4q
(2pi)4
q2(pA · q)
D(q, pA) ,
P · I(5A) =
∫
d4q
(2pi)4
q4(P · q)
D(q, pA) , pA · I
(5A) =
∫
d4q
(2pi)4
q4(pA · q)
D(q, pA) . (A.6)
Proceeding in the same way as in case of the a
(1A)
i coefficients (see Eq. (A.4)), we have
a
(2A)
1 =
1
2
[
(P · pA)2 − P 2 p2A
][P 2 (pA · pA · I(2A) − p2A g · I(2A))+ (P · pA)2 g · I(2A)
− 2(P · pA)P · pA · I(2A) + p2A P · P · I(2A)
]
,
a
(2A)
2 =
1
2
[
(P · pA)2 − P 2 p2A
]2
[
p2A
{
P 2
(
pA · pA · I(2A) − p2A g · I(2A)
)
+ 3p2A P · P · I(2A)
}
+ (P · pA)2
{
p2A g · I(2A) + 2 pA · pA · I(2A)
}
− 6p2A (P · pA)P · pA · I(2A)
]
,
a
(2A)
3 =
1
2
[
(P · pA)2 − P 2 p2A
]2
[
P 2
{
(P · pA)
(
p2A g · I(2A) − 3 pA · pA · I(2A)
)
+ 2p2A P · pA · I(2A)
}
− (P · pA)
{
(P · pA)2 g · I(2A) − 4(P · pA)P · pA · I(2A)
+ 3p2A P · P · I(2A)
}]
,
a
(2A)
4 =
1
2
[
(P · pA)2 − P 2 p2A
]2
[
P 4
{
3 pA · pA · I(2A) − p2A g · I(2A)
}
+ P 2
{
(P · pA)2 g · I(2A) − 6 (P · pA) P · pA · I(2A) + p2A P · P · I(2A)
}
+ 2 (P · pA)2 P · P · I(2A)
]
. (A.7)
where
pA · pA · I(2A) =
∫
d4q
(2pi)4
(pA · q)(pA · q)
D(q, pA) , P · pA · I
(2A) =
∫
d4q
(2pi)4
(P · q)(pA · q)
D(q, pA) ,
P · P · I(2A) =
∫
d4q
(2pi)4
(P · q)(P · q)
D(q, pA) , g · I
(2A) =
∫
d4q
(2pi)4
q2
D(q, pA) . (A.8)
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Analogously, for the coefficients a
(4A)
i , i = 1, 2, . . . , 4, we can simply replace in Eqs. (A.7)
the scalar integrals pA · pA · I(2A), P · pA · I(2A), P ·P · I(2A) and g · I(2A) by pA · pA · I(4A),
P · pA · I(4A), P · P · I(4A) and g · I(4A), respectively, with
pA · pA · I(4A) =
∫
d4q
(2pi)4
q2(pA · q)(pA · q)
D(q, pA) , P · pA · I
(4A) =
∫
d4q
(2pi)4
q2(P · q)(pA · q)
D(q, pA) ,
P · P · I(4A) =
∫
d4q
(2pi)4
q2(P · q)(P · q)
D(q, pA) , g · I
(4A) =
∫
d4q
(2pi)4
q4
D(q, pA) (A.9)
The next step consists in calculating the scalar integrals in Eqs. (A.5), (A.6), (A.8), (A.9),
which we do in the rest frame of the decaying particle, i.e., P 2 = m2B+ and
~P = ~0. To do
this, it is convenient to realize that these integrals can be considered as particular cases of
other more general integrals. For instance, if we define I(1A)(a, b) as
I(1A)(a, b) =
∫
dq0
(2pi)
∫
d3q
(2pi)3
aq0 + b|~q|cosθ
D(q, pA) , (A.10)
we can write
P · I(1A) = I(1A)(P 0, 0), pA · I(1A) = I(1A)(p0A,−|~pA|). (A.11)
Similarly, by defining
I(2A)(a, b, c, d) =
∫
dq0
(2pi)
∫
d3q
(2pi)3
aq0 2 + b|~q |2cos2θ + cq0|~q |cosθ + d|~q |2
D(q, pA) ,
I(3A)(a, b, c, d) =
∫
dq0
(2pi)
∫
d3q
(2pi)3
aq0 3 + b|~q |q0 2cosθ + cq0|~q |2 + d|~q |3cosθ
D(q, pA) ,
I(4A)(a, b, c, d, e, f, g) =
∫
dq0
(2pi)
∫
d3q
(2pi)3
1
D(q, pA)
[
aq0 4 + b|~q |2q0 2cos2θ + cq0 3|~q |cosθ
+ dq0 2|~q |2 + e|~q |4cos2θ + fq0|~q |3cosθ + g|~q |4
]
,
I(5A)(a, b, c, d, e, f) =
∫
dq0
(2pi)
∫
d3q
(2pi)3
1
D(q, pA)
[
aq0 5 + bq0 4|~q |cosθ + cq0 3|~q |2
+ dq0 2|~q |3cosθ + eq0|~q |4 + f |~q |5cosθ
]
, (A.12)
we have that
g · I(2A) = I(2A)(1, 0, 0,−1), P · P · I(2A) = I(2A)(P 0 2, 0, 0, 0),
P · pA · I(2A) = I(2A)(P 0 p0A, 0,−P 0 |~pA|, 0),
pA · pA · I(2A) = I(2A)(p0 2A , |~pA |2,−2p0A|~pA|, 0),
P · I(3A) = I(3A)(P 0, 0,−P 0, 0), pA · I(3A) = I(3A)(p0A,−|~pA|,−p0A, |~pA|),
g · I(4A) = I(4A)(1, 0, 0,−2, 0, 0, 1), P · P · I(4A) = I(4A)(P 0 2, 0, 0,−P 0 2, 0, 0, 0),
P · pA · I(4A) = I(4A)(P 0p0A, 0,−P 0|~pA|,−P 0p0A, 0, P 0|~pA|, 0),
pA · pA · I(4A) = I(4A)(p0 2A , |~pA|2,−2p0A|~pA|,−p0 2A ,−|~pA|2, 2p0A|~pA|, 0),
P · I(5A) = I(5A)(P 0, 0,−2P 0, 0, P 0, 0),
pA · I(5A) = I(5A)(p0A,−|~pA|,−2p0A, 2|~pA|, p0A,−|~pA|). (A.13)
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We also define
I(0A) =
∫
dq0
(2pi)
∫
d3q
(2pi)3
1
D(q, pA) , (A.14)
which coincides with the I(0A) integral in Eq. (2.15).
After this, it is convenient to separate the temporal part in the denominator D(q, pA)
and write it as
D(q, pA) = [(P 0 − q0)2 − ω2J/ψ(~q) + i][q0 2 − ω2K(~q) + i]
× [(P 0 − p0A − q0)2 − ωZ(A)(~pA + ~q) + i], (A.15)
where
ωJ/ψ(~q) =
√
~q 2 +m2J/ψ, ωK(~q) =
√
~q 2 +m2
K+
,
ωZ(A)(~pA + ~q) =
√
~p 2A + ~q 2 + 2|~pA||~q |cosθ +M2Z(A), (A.16)
with θ being the angle between ~pA and ~q. By doing this, we find the following poles on the
q0 variable
q01 = P
0 + ωJ/ψ − i, q02 = P 0 − ωJ/ψ + i,
q03 = ωK − i, q04 = −ωK + i, (A.17)
q05 = −p03 + P 0 + ωZ(A) − i, q06 = −p03 + P 0 − ωZ(A) + i. (A.18)
By using Cauchy’s theorem, the integration on the q0 variable in Eqs. (A.10), (A.12)
and (A.14) can be performed analytically by determining the residues of the respective
integrands at each of the poles inside a closed contour, for example, a semicircle in the
lower q0 complex plane, i.e., Im{q0} < 0, involving, in this case, the poles q01, q03 and q05.
After doing this, the integrals in Eqs. (A.10), (A.12) and (A.14) can be written as
I(kA)(a, b, . . . ) =
∫
d3q
(2pi)3
N (kA)(a, b, . . . )
D(~q, p0A, ~pA)
, (A.19)
with k = 0, 1, 2, . . . 4 and
D(~q, p0A, ~pA) = 2ωJ/ψ(~q )ωK(~q )ωZ(A)(~pA + ~q )
[
P 0 + ωJ/ψ(~q ) + ωK(~q )
]
×
[
p0A + ωJ/ψ(~q ) + ωZ(A)(~pA + ~q )
][
P 0 − ωK(~q )− ωJ/ψ(~q ) + i
]
×
[
P 0 − p0A − ωK(~q )− ωZ(A)(~pA + ~q ) + i
ΓZ(A)
2
]
×
[
p0A − ωJ/ψ(~q )− ωZ(A)(~pA + ~q ) + i
ΓZ(A)
2
]
×
[
p0A − P 0 − ωK(~q )− ωZ(A)(~pA + ~q ) + i
ΓZ(A)
2
]
. (A.20)
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In Eq. (A.20), a width ΓZ(A) of 28 MeV [30] has been considered for the Zc(3900) present
in the triangular loops. The N (kA) numerators in Eq. (A.19) are given by
N (0A) = −P 0 2ωKωJ/ψ+Z(A) + 2P 0p0AωKωZ(A) + ωJ/ψ+K
[
ωJ/ψ+Z(A)
× ωK+Z(A)ωJ/ψ+K+Z(A) − p0 2A ωZ(A)
]
,
N (1A)(a, b) = aωKf1 + cosθ b|~q |N (0A),
N (2A)(a, b, c, d) = aωKf2 + |~q |
[
(cos2θ b+ d)|~q |N (0A) + cosθ c ωKf1
]
,
N (3A)(a, b, c, d) = aωKf3 + |~q |
[
cosθ
{
b ωKf2 + d|~q |2N (0A)
}
+ c|~q |ωKf1
]
N (4A)(a, b, c, d, e, f, g) = aωKf4 + |~q |
[
cosθ
{
|~q |
(
cosθ[b ωKf2 + e|~q |2N (0A)] + f |~q |ωKf1
)
+ c ωKf3
}
+ d |~q |ωKf2 + g |~q |3N (0A)
]
,
N (5A)(a, b, c, d, e, f) = aωKf5 + |~q |
[
ωK |~q |
{
f1|~q |2 e+ c f3
}
+
{
f N (0A)|~q |4 + ωK(d f2|~q |2 + b f4)
}
cosθ
]
, (A.21)
where we have omitted the explicit dependence of the functions fi, i = 1, 2, . . . , 5 and ωK ,
ωZ(A), ωJ/ψ [see Eq. (A.20)] with ~q, ~pA and p0A for simplicity. In particular, by introducing
ωJ/ψ+K = ωJ/ψ + ωK , ωJ/ψ+Z(A) = ωJ/ψ + ωZ(A),
ωK+Z(A) = ωK + ωZ(A), ωJ/ψ+K+Z(A) = ωJ/ψ + ωK + ωZ(A), (A.22)
the fi functions in Eq. (A.21) correspond to
f1(~q, p
0
A, ~pA) = P
0 2p0AωZ(A) + ωJ/ψ+Z(A)P
0
(
− P 0 2 + P 0p0A + ωJ/ψ
[
ωJ/ψ+Z(A) + 2ωK
]
+ ω2K+Z(A)
)
− P 0p0 2A ωZ(A) − p0AωJ/ψωJ/ψ+K [ωJ/ψ+K + 2ωZ(A)],
f2(~q, p
0
A, ~pA) = ωJ/ψ+Z(A)
[
−P 0 2 + 2P 0p0A − p0 2A + ω2J/ψ+K + 2ωKωZ(A) + ω2Z(A)
]
P 0 2
− 2P 0p0AωJ/ψ
[
ωJ/ψ+KωJ/ψ+K+Z(A) + ωZ(A)ωK
]
+ ωJ/ψωJ/ψ+K
[
ωJ/ψ+Z(A)
{
p0 2A − ωZ(A)ωK+Z(A)
}
+ p0 2A ωK
]
,
f3(~q, p
0
A, ~pA) = −P 0 5ωJ/ψ+Z(A) + P 0 4p0A[2ωJ/ψ+Z(A) + ωJ/ψ] + P 0 3
(
ωJ/ψ+Z(A)
×
[
ω2J/ψ+K + 2ωKωZ(A) + ω
2
Z(A)
]
− p0 2A
[
ωJ/ψ+Z(A) + 2ωJ/ψ
])
+ P 0 2p0AωJ/ψ
×
(
p0 2A − 2ωZ(A)[ωJ/ψ+K + 2ωK ]− 3ω2J/ψ+K − ω2Z(A)
)
+ P 0ωJ/ψ
×
(
p0 2A
[
ωZ(A)
{
ωJ/ψ+K + ωK
}
+ 3ω2J/ψ+K
]
− ωZ(A)ωJ/ψ+Z(A)
×
[
2ωJ/ψ+KωK+Z(A) + ω2K
])
+ p0AωJ/ψωJ/ψ+K
×
(
ωZ(A)
[
ωZ(A)ωJ/ψ+K + 2ωJ/ψωK
]− p0 2A ωJ/ψ+K),
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f4(~q, p
0
A, ~pA) = −P 0 6ωJ/ψ+Z(A) + 2P 0 5p0A
(
ωJ/ψ+Z(A) + ωJ/ψ
)
+ P 0 4
(
ωJ/ψ+Z(A)
×
[
ωZ(A){ωJ/ψ+K + ωK}+ ω2J/ψ+K + ω2Z(A)
]
− p0 2A
[
ωJ/ψ+Z(A) + 5ωJ/ψ
])
+ 4P 0 3p0AωJ/ψ
(
p0 2A − ωZ(A)[ωJ/ψ+K + ωK+Z(A)]− ω2J/ψ+K
)
− P 0 2ωJ/ψ
(
p0 4A − 2p0 2A
[
ωZ(A){ωJ/ψ+K + ωK+Z(A)}+ 3ω2J/ψ+K
]
+ ωZ(A)ωJ/ψ+Z(A)
[
ωJ/ψ
{
ωJ/ψ+K + 3ωK
}
+ 2ωK
{
2ωK+Z(A) + ωK
}
+ ω2Z(A)
])
+ 2P 0p0AωJ/ψ
(
ωZ(A)
[
2ωZ(A)ω2J/ψ+K + ωJ/ψ
{
ωJ/ψ+K + ωK
}2 ]− 2p0 2A ω2J/ψ+K)
+ ωJ/ψωJ/ψ+K
(
p0 43 ωJ/ψ+K − p0 2A ωZ(A)
[
ω2J/ψ+K + 2ωZ(A)ωJ/ψ+K + ωJ/ψωK
]
+ ωZ(A)ωJ/ψ+Z(A)ωK+Z(A)
[
ωZ(A)ωJ/ψ+K + ωJ/ψωK
])
,
f5(~q, p
0
A, ~pA) = −ωJ/ψ+Z(A)P 0 7 + p0A
(
2ωJ/ψ+Z(A) + 3ωJ/ψ
)
P 0 6 +
(
ωJ/ψ+Z(A)
[
ω2J/ψ +
{
2ωK + 3ωZ(A)
}
× ωJ/ψ + ω2K+Z(A)
]
− p0 2A
[
ωJ/ψ+Z(A) + 9ωJ/ψ
] )
P 0 5 + ωJ/ψ
(
10p0 3A − ωZ(A)p0 2A
− 5
[
ωJ/ψ+K{ωJ/ψ+K + 2ωZ(A)}+ 2ω2Z(A)
]
p0A + ωZ(A)ω
2
J/ψ+Z(A)
)
P 0 4
− ωJ/ψ
(
5p0 4A − 2ωZ(A)p0 3A + 2
[
− ωJ/ψ+K
{
5ωJ/ψ+K + 4ωZ(A)
}− 4ω2Z(A)]p0 2A
+ 2ωZ(A)ω2J/ψ+Z(A)p
0
A + ωZ(A)ωJ/ψ+Z(A)
[
ωJ/ψ{3ωJ/ψ + ωK+Z(A) + 7ωK}
+ 10ω2K + ωZ(A){3ωK+Z(A) + 5ωK}
])
P 0 3 − ωJ/ψ
(
− p0 5A + ωZ(A)p0 4A
+ 2
[
ωJ/ψ+K
{
5ωJ/ψ+K + ωZ(A)
}
+ ω2Z(A)
]
p0 3A − 2ωZ(A)
[
ωJ/ψ
{
ωJ/ψ + ωK+Z(A)
}
+ ω2K+Z(A) − ωKωZ(A)
]
p0 2A − ωZ(A)
[
ω2Z(A)
{
ωZ(A) + 2ωJ/ψ+K
}
+ 2{5ω2J/ψ + 12ωKωJ/ψ + 5ω2K}ωZ(A) + 2ωJ/ψ{4ω2J/ψ + 11ωKωJ/ψ + 10ω2K}
]
p0A
+ ωZ(A)ω2J/ψ+Z(A)
[
ω2J/ψ+K + ω
2
K+Z(A)
])
P 0 2 + ωJ/ψ
(
ω2J/ψ+K
[
5p0 4A
− 2ωZ(A)p0 3A
]
− ωZ(A)
[
7ω3J/ψ + 20ωKω
2
J/ψ + 18ω
2
KωJ/ψ + 4ω
3
K + 8ω
2
J/ψ+KωZ(A)
]
p0 2A
+ 2ω2J/ψ+KωZ(A)ω
2
J/ψ+Z(A)p
0
A + ωZ(A)ωJ/ψ+Z(A)
[
ωZ(A){3ωK+Z(A) + ωK}ω2K
+ ωJ/ψ{ωK+Z(A) + ωZ(A)}{3ωK+Z(A) + ωK}ωK + 3ω2J/ψω2K+Z(A)
])
P 0
+ ωJ/ψωJ/ψ+K
(
ωJ/ψ+K
[
− p0 5A + p0 4A ωZ(A) + 2ωZ(A)ωJ/ψ+K+Z(A)p0 3A
− ωZ(A)
{
ωJ/ψ
(
ωJ/ψ+Z(A) + ωZ(A)
)
+ ω2K + 2ωZ(A)ωK+Z(A)
}
p0 2A
]
+ ωZ(A)
[
− ωZ(A)
{
ωK+Z(A) + ωK
}{
ωKωZ(A) + ωJ/ψ(ωK+Z(A) + ωK)
}
− 2ω2J/ψω2K+Z(A)
]
p0A + ωJ/ψ+KωZ(A)ω
2
J/ψ+Z(A)ω
2
K+Z(A)
)
. (A.23)
The integration in d3q of Eq. (A.19) is performed by using a cut-off Λ ∼ 700 MeV for the
modulus of the center of mass momentum of the KZc(3900) system, ~q
∗, in the triangular
– 16 –
loops, i.e.,
∫
d3q
(2pi)3
→ 1
(2pi)2
∞∫
0
d|~q | |~q |2
1∫
−1
dcosθΘ(|~q ∗| − Λ). (A.24)
Such value for Λ corresponds to the one used when generating the K∗(4307) from the
KDD¯∗ system, with the DD¯∗ in isospin 1 system forming the Zc(3900) [25]. The vectors
~q and ~q ∗ in Eq. (A.24) are related through a boost [37]
~q ∗ =
[(
EKZ(A)
mKZ(A)
− 1
)
~q · ~pA
~p 2A
+
ωK
mKZ(A)
]
~pA + ~q, (A.25)
with mKZ(A) being the invariant mass of the KZc(3900) system in the triangular loop and
EKZ(A) =
√
m2KZ(A) + ~p
2
A its energy in the rest frame of the decaying particle.
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